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MATERIALS AND METHODS  
 

PCR and T7E1 analysis of genomic regions  

These methods were performed as previously described (1 ). PCR products were 

subcloned into pCRII-TOPO vector (Invitrogen) according to the manufacturer's 

instructions. Individual clones were picked and the DNA was sequenced. 

Targeted deep DNA sequencing 

 PCR of genomic DNA and cDNA from TA and cardiac muscles was performed using 

primers designed against the respective target region and off-target sites (Table S1). A 

second round of PCR was used to add Illumina flowcell binding sequences and 

experiment-specific barcodes on the 5’ end of the primer sequence (Table S1). Before 

sequencing, DNA libraries were analyzed using a Bioanalyzer High Sensitivity DNA 

Analysis Kit (Agilent). Library concentration was then determined by qPCR using a 

KAPA Library Quantification Kit for Illumina platforms. The resulting PCR products were 

pooled and sequenced with 300 bp paired-end reads on an Illumina MiSeq instrument. 

Samples were demultiplexed according to assigned barcode sequences. FASTQ format 

data was analyzed using the CRISPResso software package version 1.0.8. (47). 

Histological analysis of muscles and morphometric analysis  

Histological analysis of muscles was performed as described previously(1 ). 

Morphometric analyses of dystrophin-positive and total myofibers were carried out on 

replicates of whole step-sections of TA muscles and hearts. Scanned images were 

analyzed using Image J software. Dystrophin-positive myofibers were individually 

counted using Image J software, while number of total myofibers was estimated from 
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cell-counts per field area made from the mean of eight 10x objective images and 

extrapolated to the whole scanned section area.  

Western blot analysis  

Western blot was performed as described previously(48). Antibodies to dystrophin 

(1:1000, D8168, Sigma-Aldrich), vinculin (1:1000, V9131, Sigma-Aldrich), goat anti-

mouse and goat-anti rabbit HRP-conjugated secondary antibodies (1:3000, Bio-Rad) 

were used for the described experiments. 

Grip strength test  

Muscle strength was assessed by a grip strength behavior task performed by the 

Neuro-Models Core Facility at UT Southwestern Medical Center. These measurements 

were performed as previously described (1 ) in a blinded way. 

Serum creatine kinase (CK) measurement  

Mouse serum CK was measured by the Metabolic Phenotyping Core at UT 

Southwestern Medical Center. Serum CK level was measured using the VITROS 250 

Chemistry System in a blinded way. 
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SUPPLEMENTAL MATERIALS 

Supplementary Figures 

 



Fig S1. DEx50 mouse model analyses. (A) Genomic sequence of targeted locus (top 

line) and DEx50 founder (bottom line) with a 245 base pair deletion that eliminated exon 

50 (indicated in green). sgRNA-#1 and #2 are indicated in blue. (B) Hematoxylin 

and eosin (H&E) staining of tibialis anterior and gastrocnemius muscles of 3 week old 

WT, DEx50 and mdx mice. (C) Hematoxylin and eosin (H&E) staining of tibialis anterior, 

diaphragm, quadriceps and soleus muscles of 1-month old WT, DEx50 and mdx mice. 

(D) Western blot analysis of dystrophin (DMD) and vinculin (VCL) expression in skeletal 

muscle of each group. =5. Scale bar: 50µm.  n



 
Fig S2. Comparison of dystrophin staining in DEx50 and mdx mice at one month 

of age. (A) Dystrophin immunohistochemistry of entire tibialis anterior of 1-month old 

WT, DEx50 and mdx mice. (B) Dystrophin immunohistochemistry of tibialis anterior, 

diaphragm and quadriceps muscles of  1-month old WT, DEx50 and mdx  mice. Asteri  

indicates revertant fibers. =5. Scale bar: 50µm.  
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Fig S3. Characterization of DEx50 mice at different ages. (A) Hematoxylin and eosin 

(H&E) staining of tibialis anterior and diaphragm muscle of 7-week-old and 11-week-old 

WT, DEx50 and mdx mice. (B) Percentage of centrally nucleated fibers in tibialis 

anterior muscle of 7- and 11-week old WT, DEx50 and mdx mice. (C) WT, mdx and 

DEx50 mice were subjected to grip strength testing to measure muscle performance 

that was normalized by body weight (BW) (grams of force/BW) at 7-weeks and (D) 5-

months of age. =5. Scale bar: 50µm.  n



 
 
Fig S4. Exon splicing enhancers (ESEs) of exon 51. (A) Mouse Exon 51 sequence 

with the predicted exon splicing enhancers (ESEs) located at the site of sgRNA is 

indicated in red. (B) Mouse ESE sites of exon 51 predicted using ESEfinder3. (C) 

Human Exon 51 sequence with the predicted exon splicing enhancers (ESEs) located at 

the site of sgRNA is indicated in red. (D) Human ESE sites of exon 51 predicted using 

ESEfinder3. 

 
 
  



 
 

Fig S5. Validation of sgRNAs in mouse 10T1/2 and human 293T cells. (A) Cas9 

was expressed in the presence or absence of mouse sgRNA-51 in 10T1/2 cells and 

gene editing was monitored by T7E1 assay in fluorescence-based cell sorted (FACS) 

(+) and non-sorted cells (-). GFP was used as a control. Guide RNA-51 is defined in 



Figure 2. Undigested PCR products (upper panel) and T7E1 digestion (lower panel) are 

shown on a 2% agarose gel. Black arrowhead indicates the undigested 771bp PCR 

band. Green arrowheads in the lower panel indicate the cut bands by T7E1 assay. M 

denotes size marker lane. bp indicates the length of the marker bands. (B) Cas9 was 

expressed in the presence or absence of human sgRNA-51 in 293T cells and gene 

editing was monitored by T7E1 assay in fluorescence-based cell sorted (FACS) (+) and 

non-sorted cells (-). GFP was used as a control. Undigested PCR products (upper 

panel) and T7E1 digestion (lower panel) are shown on a 2% agarose gel. Black 

arrowhead indicates the undigested 574bp PCR band. Green arrowheads in the lower 

panel indicate the cut bands by T7E1 assay. M denotes size marker lane. bp indicates 

the length of the marker bands. (C) Alignment of mouse and human target sequence 

conservation. Highlighted in red are nucleotide difference in target sequence. (D) 

Sequence of representative indels aligned with sgRNA sequence (indicated in blue) 

revealing deletions and insertions. Black arrowhead indicates the cleavage site. 

  



 

Fig S6. Cas9 expression in injected muscles. Western blot analysis of Cas9 and 

vinculin (VCL) expression in  muscles 3 weeks after intramuscular injection.
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Fig S7. In vivo Dmd gene editing. (A) Undigested PCR products (upper panel) and  T7E1

 digestion (lower  panel)  are shown  on  a  2%  agarose  gel  of  

 

muscle
 

samples  
from WT and DEx50 mice 3 weeks  after intramuscular injection with  AAV9-sgRNA-51 
and AAV9-Cas9 expression vectors. Controls were injected with only AAV9-Cas9 not 

AAV9-sgRNA-51. Black arrowhead in the upper panel indicates the 771bp PCR band. 

Green arrowheads in the lower panel indicate the cut bands by T7E1 assay. M denotes 

size marker lane. bp indicates the length of the marker bands. =4. (B) Genomic deep 

sequencing analysis of PCR amplicons generated across the exon 51 target site in 

DEx50 mice injected with AAV9-sgRNA-51 and AAV9-Cas9. Sequence of 

representative indels aligned with sgRNA sequence (indicated in blue) revealing 

insertions (highlighted in green) and deletions (highlighted in red). Black arrowheads 

indicate the cleavage site. =3. 
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Fig S8. Off-target analyses for sgRNA-51. Undigested PCR products and T7E1 

digestion from T7E1 assay on Dmd (Target) site and genome-wide theoretical exonic 

off-target sites (OT1 to  OT6)  in  

 

muscle.  AAV9-Cas9  was  injected  into 
TA muscle in the presence (+) or absence (-) of AAV9-sgRNA-51 and gene editing was

 

monitored by T7E1 assay. Undigested PCR products (upper panel) and T7E1 digestion

 

(lower panel)

 

are shown on a 2% agarose gel. Red arrowheads in the lower panel indicate 

the cut bands by the T7E1 assay. M denotes size marker lane in base pairs. 
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Fig S9. Off-target sequence analyses for sgRNA-51. DNA sequence analysis of the 

genomic PCR amplicons of exonic off-target sites (OT1 to OT4) in  muscle. 

Black arrowheads indicate the cleavage site.   

tibialis anterior



 

 



Fig S10. Amplicon PCR deep sequencing analyses for sgRNA-51. (A) 

Representative graph generated by the CRISPResso version 1.0.8 software pipeline 

during genomic deep sequencing analysis of PCR amplicons generated across the 

exon 51 target. The left panel y-axis represents % sequence and mutation distribution. 

The average insertion size (center panel) and average deletion size (right panel) at 

each nucleotide position across the PCR amplicons are indicated. Dotted lines 

represent predicted Cas9 cleavage sites. (B) Genomic deep sequencing analysis of 

PCR amplicons  generated  across the  exon  51  target  and  exonic  off-target  sites  in   

muscle. Mismatches in the target sequence are highlighted in red. Non-specific 
internal sgRNA sequence, highlighted in grey, were used for analysis to determine the 

background of the sequencing analysis. =3.  
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Fig S11. Rescue of dystrophin expression following intramuscular injections of 

AAV9-Cas9 and AAV9-sgRNA-51 in DEx50 mouse model. Dystrophin 

immunohistochemistry of entire tibialis anterior muscle. CTL mice were injected with 

AAV9-Cas9 alone without AAV9-sgRNA-51. =5.  n

 



 

Fig S12. AAV9-Cas9 and AAV9- sgRNA-51-injected muscle show histological 

improvement after 3 weeks. Hematoxylin and eosin (H&E) staining of entire tibialis 

anterior muscle. CTL mice were injected with AAV9-Cas9 alone without AAV9-sgRNA-

51. =5   n



 

Fig S13. Quantification of histological improvement of AAV9-Cas9 and AAV9- 

sgRNA-51-injected muscle from DEx50 mice after 3 weeks. (A)Transverse muscle 

sections were analyzed for fiber area. Fiber size is grouped into 250 µm2 intervals, and 

represented as the percentage of total fibers in each group. =3. (B) Percentage of 

centrally nucleated fibers in tibialis anterior muscle of WT, DEx50 and DEx50-AAV-

sgRNA-51 mice. CTL mice were injected with AAV9-Cas9 alone without AAV9-sgRNA-

51. =4. Data are represented as mean ± SEM. (*P<0.05, ***P<0.0005) 
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Fig S14. Intramuscular injections of AAV9-Cas9 and AAV9-sgRNA-51 in DEx50 

mice corrects dystrophin expression in heart. (A) Dystrophin immunohistochemistry 

of cardiac muscle. CTL were injected with AAV9-Cas9 alone without AAV9-sgRNA-51. 

(B) Representative western blot analysis of dystrophin (DMD) and vinculin (VCL) 

expression in cardiac muscle of two mice for each group. =5. Scale bar: 50µm. 
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Fig S15. AAV9-Cas9 expression after systemic delivery in mice. (A) PCR analysis 

of Cas9 expression in triceps, heart, diaphragm, quadriceps and gastrocnemius-

plantaris (GP) tissues. =5. (B) Western blot analysis of Cas9 and vinculin (VCL) 

expression in heart, diaphragm, quadriceps (Quad) and gastrocnemius-plantaris (GP) 

tissues 4 weeks after systemic injection.   
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Fig S16. Dmd gene editing 4 weeks after systemic delivery of AAV9-Cas9 and 

AAV9- sgRNA-51 in mice. (A) Undigested PCR products (upper panel) and T7E1 

digestion (lower panel) are shown on a 2% agarose gel of 

 

diaphragm
 and heart muscle samples from WT and DEx50 mice 4 weeks after systemic injection with 

AAV9-sgRNA-51 expression vectors and AAV-Cas9. CTL were injected with AAV9-Cas9 

alone without AAV9-sgRNA-51. Black arrowheads in the upper panels indicate the 

771bp PCR bands. Green arrowheads in the lower panels indicate the cut bands by 

T7E1 assay. M denotes size marker lane. bp indicates the length of the marker bands. 

=4. (B) Genomic deep sequencing analysis of PCR amplicons generated across the 

exon 51 target site in heart DNA samples of DEx50 mice injected with AAV9-sgRNA-51 

and AAV9-Cas9. Sequence of representative indels aligned with sgRNA sequence 

(indicated in blue) revealing insertions (highlighted in green) and deletions (highlighted 

in red). Black arrowheads indicate the cleavage site. (C) RT-PCR of RNA from heart 

samples of WT and DEx50 mice 4 weeks after systemic injection with the AAV9-sgRNA 

and Cas9 expression vectors. Lower bands indicate deletion of exon 51. Primer 

positions in exons 48 and 53 are indicated (Fw, Rv). (D) Percentage of events detected 

at exon 51 after AAV9-sgRNA-51 treatment using RT-PCR sequence analysis of 

TOPO-TA generated clones. For each of 4 different samples, we generated 40 clones. 

RT-PCR products we divided in 4 groups not-edited (NE), exon51-skipped (SK), 

reframed (RF) and out of frame (OF). (E) Deep sequencing analysis of RT-PCR 

products from the upper band containing ∆Ex50 not-edited (NE) and ∆Ex50-RF. 

Sequence of RT-PCR products revealing insertions (highlighted in green) and deletions 

(highlighted in red). =4. 
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Fig S17. Rescue of dystrophin expression 8 weeks after systemic delivery of 

AAV9-Cas9 and AAV9-sgRNA-51 in DEx50 mice. (A) Dystrophin immunostaining of 

tibialis anterior (TA), triceps, diaphragm and cardiac muscles 8 weeks after systemic 

injection of AAV9-sgRNA-51. (B) Western blot analysis of dystrophin (DMD) and 

vinculin (VCL) expression in TA, triceps, diaphragm muscles and heart. =5 for each 

group. Scale bar: 50µm.  
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Fig S18. Histological analysis of dystrophin correction 8 weeks after systemic 

delivery of AAV9-Cas9 and AAV9-sgRNA-51 in DEx50 mice. Histochemistry of 

tibialis anterior (TA), triceps and diaphragm muscle by H&E staining. =3. Scale bar: 

50µm. 
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Fig S19. Histological improvement of DEx50 mice 4 weeks after systemic injection 

of AAV9-Cas9 and AAV9-sgRNA-51. Hematoxylin and eosin (H&E) staining of entire 

tibialis anterior (TA) and triceps muscles. CTL were injected with AAV9-Cas9 alone 

without sgRNA. =5 
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Supplementary Tables 

Table S1. Sequences of potential exonic off-target (OT) sites in the mouse genome.  

Mismatches in the target sequence are highlighted in red. 
 
  



Table S2. Sequences of top 45 off-target (OT) sites in the mouse genome. 
 

 
  



Table S3. Primer sequences. 

 


